SUMMARY The effect of myocardial hypertrophy resulting from chronic pressure overload upon myocardial blood flow (MBF) and left ventricular (LV) performance was studied in 17 hypertensive patients, nine of whom had left ventricular hypertrophy (LVH), and nine normotensive controls. Mean LV MBF was measured at cardiac catheterization using the regional xenon-133 washout technique.
CONCENTRIC LEFT VENTRICULAR hypertrophy develops in response to sustained pressure overload of the left ventricle in systemic hypertension.1 Although myocardial hypertrophy is believed to be a fundamental compensatory mechanism that benefits performance of the pressure-loaded ventricle by reducing myocardial wall stress,2 the question of whether stable concentric left ventricular hypertrophy is associated with normal or decreased myocardial performance remains controversial.5 6 The contractile function of isolated papillary muscles from hypertrophied animal ventricles has been reported to be depressed in some studies7'10 and normal" or increased'2 in others. In intact hearts of animals exposed to chronic pressure overload, ventricular performance has been reported to be depressed,'3 14 normal"5, 16 or enhanced. '7 In hypertensive patients with left ventricular hypertrophy, exercise tolerance has been reported to be reduced,'8 and echocardiographic studies have shown cardiac performance to be normal or reduced. '9 20 Similar uncertainty exists regarding the effect of pressure-induced myocardial hypertrophy on myocardial blood flow per unit mass of tissue. Studies of myocardial blood flow per unit mass of tissue measured in animals with pressure-induced myocardial hypertrophy have shown normal,2' 24 increased23 or decreased26 resting left ventricular myocardial blood flow. However, coronary vascular resistance per unit mass was increased at rest and during maximal coronary vasodilation, and in some studies there was a relative diminution of subendocardial flow during interventions that induced hyperemia.2" 22 24 25 In studies from this laboratory, resting left ventricular myocardial blood flow per unit mass was reduced in patients with left ventricular hypertrophy associated with congestive and hypertrophic cardiomyopathy27 and severe aortic stenosis. 28 In patients without valvular obstruction, the resting mean left ventricular blood flow was significantly related to indexes of the major determinants of myocardial oxygen consumption: heart rate, contractility and peak systolic ventricular wall stress. 27 These observations raised the possibility that the characteristics of left ventricular performance in hypertensive patients with and without concentric hypertrophy may alter resting myocardial blood flow by influencing the major determinants of myocardial oxygen consumption. The present study was undertaken to investigate the relationship between resting left ventricular myocardial blood flow and ventricular performance in systemic hypertension. The study had three objectives: VOL 62 , No 2, AUGUST 1980 37/19 Abbreviations: ATY = atypical chest pain; AP = angina pectoris; LVH = left ventricular hypertrophy; N = normal; RBBB right bundle branch block; HCTZ = hydrochlorothiazide; P = propranolol; R = reserpine; S = spironolactone; HR = heart rate; AoP = aortic pressure; LVEDP = left ventricular end-diastolic pressure; EDVI = end-diastolic volume index; ESVIend-systolic volume index; EF = ejection fraction; SWI = stroke work index.
(1) to measure resting mean left ventricular myocardial blood flow per unit mass in hypertensive patients with and without concentric hypertrophy; (2) to determine if ejection phase indexes of left ventricular performance are impaired by myocardial hypertrophy; and (3) to relate resting left ventricular myocardial blood flow in hypertensive patients to indexes of three determinants of myocardial oxygen consumption.
Methods

Patient Selection
All patients who underwent cardiac catheterization and coronary arteriography at Columbia-Presbyterian Medical Center between 1972-1978 were considered potential candidates for the study. The clinical indication for coronary arteriography in each patient was recurrent chest pain suggestive of coronary artery disease. Twenty-six patients agreed to participate in the protocol: nine normotensive control subjects and 17 patients with previously documented hypertension, defined as an elevation of arterial blood pressure greater than 140/90 mm Hg on repeated occasions. Patients with valvular heart disease, previous myocardial infarction or coronary artery disease were excluded from the study, as were three patients with technically inadequate ventriculograms that precluded quantitative analysis. Informed consent was obtained from each patient for the measurement of regional myocardial blood flow according to protocols approved by the Institutional Review Board and the Joint Radioisotope Committees of the ColumbiaPresbyterian Medical Center.
The 26 patients were subdivided into three groups: Group 1 consisted of nine normotensive control patients, three males and six females (mean age 50 years), who were normal by physical examination, chest radiograph and ECG.
Group 2 consisted of eight patients (mean age 52 years) with hypertension and normal left ventricular EFFECT OF LV HYPERTROPHY/Nichols et al. 228  52  19  64  42   110  4  10  87  52  8  84  65  105  8  13  117  57  12  79  64  175  14  27  341  39  11  71  65  100  10  11  105  60  17  72  58  100  16  16  158  52  18  65  46  100  8  12  148  86  32  63  73  97  16  15  194  77  22  71  72  110 11 VOL 62, No 2, AUGUST 1980 Left ventriculography was performed at least 20 minutes after coronary arteriography with the patient in the shallow (250) right anterior oblique position. During held inspiration, 40 ml of Renografin-76 was power injected through a pigtail catheter over 2-3 seconds into the left ventricular cavity. The first fully visualized normal beat was chosen for analysis to minimize myocardial depressant effects of contrast material. Postextrasystolic beats were not used. All patients were in normal sinus rhythm, and none had a significant change in heart rate during the ventriculogram. A radiopaque grid, cross-hatched in 1 Regional myocardial blood flow rates were calculated for each crystal by the Kety formula34' 3: F = 100 X K X X/p, where F is the myocardial capillary blood flow (ml/ 100 g/min), X is the blood: myocardium partition coefficient for xenon36 in the normal dog heart (0.72) and p is the specific gravity of tissue (1.05).
The pattern of regional myocardial perfusion rates so obtained was then superimposed upon the "a" tracing of the patient's left anterior oblique coronary arteriogram. Alignment and appropriate magnification of the patterns were facilitated by the presence of the same radioactive radiopaque markers on both the arteriograms and on the computer printout of local myocardial blood flow rates. The mean left ventricular myocardial perfusion rate per unit mass was calculated by averaging the local blood flows recorded by all of the crystals overlying the left ventricle. Mean left ventricular myocardial blood flow rates per unit mass measured by the xenon-133 clearance technique have correlated well with blood flow measured with microspheres in experimental animals. 37 Coronary vascular resistance (CVR) per gram of myocardial tissue was calculated as follows: CVR = AoP -LVEDP MBF/ 100 where MBF = mean left ventricular myocardial blood flow (ml/100 g/min), AoP = mean aortic pressure measured during xenon-133 clearance and LVEDP = the left ventricular diastolic pressure measured at the peak of the ECG T wave from five consecutive heart beats.
Ventriculographic Analysis
Left ventricular dimensions were measured from tracings of the ventricular silhouettes at end-diastole and end-systole. In drawing the chamber silhouettes, the tracings were always made to the outside margins of the papillary muscles. The long axis of the left ventricle was taken as the longest measured line from the apex to the margin of the aortic valve.
Ventricular volumes were calculated using the single-plane, area-length method of Sandler and Dodge.38 Regression equation corrections were not used for reasons previously reported.39
Mean velocity of circumferential fiber shortening (MVcf) was calculated from the formula40:
MVcf EDD -ESD EDD X LVET Where EDD = left ventricular minor diameter at enddiastole, ESD = left ventricular minor diameter at end-systole and LVET = left ventricular ejection time (seconds) measured angiographically. For this calculation, the end-diastolic and end-systolic minor diameters were calculated by the area-length method.
Left ventricular wall thickness was measured directly from the anterior wall segment below the equatorial plane of the ventriculogram in the right anterior oblique projection and corrected for image magnification.4' Only ventriculograms that clearly displayed the epicardial and endocardial borders were analyzed. Left ventricular mass was calculated by the method of Rackley et al. 42 Mean interobserver variability for ventricular wall thickness measured by this method was 12.7%; mean intraobserver variability was 9.3%. Peak left ventricular wall stress was calculated using the thin-wall formula of Sandler and Dodge:43 ventricular sillhouette, which assumes that there are no significant changes in these dimensions from enddiastole to peak stress, Peak systolic pressure was measured from the left ventricular pressure curve immediately before the ventriculogram, which assumes there is no change during the subsequent few beats.
Left ventricular tension was calculated as the product of left ventrictilar stress and wall thickness. Stroke work was calculated by multiplying the developed ventricular pressure by the stroke volume determined angiographically.
Myocardial Blood Flow During Rapid Atrial Pacing
After myocardial blood flow was measured at rest, flow measurements were repeated during rapid atrial pacing in four patients in group 1, four patients in group 2 and five patients in group 3. A bipolar pacing electrode was positioned under fluroscopic control in the lateral right atrial wall, and the heart rate was increased in 10-beat increments of 1 minute each until a maximal heart rate of 150 beats/min was attaiined.
The tachycardia was then sustained for several minutes under electrocardiographic monitoring while myocardial blood flow was measured again by repeat intracoronary injection of xenon-133. The beats/min, group 3, 74 ± 11 beats/min). In addition to increased wall thickness, left ventricular mass index was also significantly greater (p < 0.01) in group 3 (164 ± 81 g/m2) than in group 2 (79 ± 21 g/m2) or group 1 (76 ± 14 g/m2).
Left ventricular end-diastolic volume index did not differ significantly among the three groups of patients (group 1, 67 i 13 mI/m2, group 2, 68 t 16 MI/M2, group 3, 59 ± 14 ml/m2). Although the average endsystolic volume index was lower in the hypertensive patients, differences among the three groups were not statistically significant (group 1, 21 ± 7 ml/m2, group 2, 18 ± 6 mI/M2, group 3, 17 ± 7 ml/m2). Figure 2 shows the peak systolic equatorial left ventricular wall stress in the individual patients. Peak left ventricular stress was significantly lower (p < 0.01) in hypertensive patients with hypertrophy (group 3, 225 i 45 dyn* cm-2 X 10 8) than in the patients in group 2 (395 i 39 dyn 0cm2 X 0-) or group 1 (385 ± 114 dyn cm-2 10-3). Left ventricular wall tension, however, was not significantly different among the three groups (group 1, 298 i 64 dyn * cm-' X 10-', group 2, 308 ± 47 dyn * cm-1 X 10-3, group 3, 307 ± 63 dyne cm-1 X 10-3). DPTI: SPTI was not significantly different among the three groups (group 1, 0.91 ± 0.24, group 2, 0.68 ± 0.20, group 3, 0.93 ± 0.27).
Myocardial Blood Flow
The data on myocardial blood flow are summarized in table 2 and figure 3. The mean left ventricular myocardial blood flow per unit weight in the hypertensive patients without hypertrophy (group 2, 62.6 ± 14.5 ml/l00 g/min) was not significantly different from that of the normotensive controls (group 1, 64.8 i 7.6 ml/ 100 g/min). Left ventricular myocardial blood flow was significantly reduced (p < 0.01) in the hypertensive patients with left ventricular hypertrophy (group 3, 35.0 ± 5.4 ml/100 g/min) compared with the other two groups. Similarly, left ventricular myocardial blood flow normalized for heart rate was significantly reduced in group 3 (0.48 ± 0.07 ml/100 g/beat) compared with group 2 (0.72 ± 0.16 ml/l00 g/beat) and group 1 (0.77 ± 0.16 ml/100 g/beat) (both p < 0.01).
Resting left ventricular myocardial blood flow per unit mass in the hypertensive patients (groups 2 and 3) did not correlate significantly with mean aortic pressure (r = 0.24), diastolic aortic pressure (r = 0.1 1) or stroke work (r = 0.23). Resting blood flow correlated significantly with the DPTI: SPTI (r = -0.59, p < 0.05).
Coronary vascular resistance per gram of myocardium was not significantly increased in the hypertensive patients without left ventricular hypertrophy compared with normotensive controls (group 2, 23.8 ± 5.8 dyn * cm-5g-' vs group 1, 17.9 ± 2.9 dyn * cm-5g~1). Coronary vascular resistance was increased significantly in the hypertensive patients with left ventricular hypertrophy (group 3, 37.6 ± 6.6 dyn * cm-5g-', p < 0.01).
Mean values for myocardial blood flow, coronary vascular resistance and double product of heart rate and systolic blood pressure measured during rapid atrial pacing in 13 patients from the three groups are presented in figure 4 . EFFECT OF LV HYPERTROPHY/Nichols et al. In a study of changes in ejection phase indexes during adaptation to chronic pressure overload in conscious dogs, Sasayama et al.56 found that these indexes were initially depressed by chronically elevated afterload but normalized after development of adequate ventricular hypertrophy. In animals with chronic left ventricular hypertrophy and in control animals, these investigators found that MVcf decreased slightly if arterial pressure was raised acutely.'7 At any level of arterial pressure, however, MVcf was significantly higher in the animals with left ventricular hypertrophy. Because the inverse relationship between wall tension and MVcf fell along a single line in the animals with and without hypertrophy, the authors argued that the hypertrophied ventricle exhibited hyperfunction but had a normal inotropic state.
Left Ventricular Stress in Hypertensive Patients
The finding that peak left ventricular wall stress was reduced in the hypertensive patients with hypertrophy below the values found in the normotensive controls and the hypertensive patients without hypertrophy may be explained by the modest levels of systemic hypertension present during left ventriculography. Hypertension in patients of groups 2 and 3 was conblood pressures tended to decline more during hospitalization before cardiac catheterization. The combination of a thickened left ventricular wall and reduced systolic pressure resulted in values for peak systolic stress that were lower than in the control patients. Because it is generally assumed that the pressure-loaded ventricle hypertrophies sufficiently to normalize an elevated wall stress, it is conceivable that under ambulatory outpatient conditions, wall stress in the patients in group A fifth hypothesis is that the reduced left ventricular perfusion per unit mass in the hypertensive patients with hypertrophy is related to altered ventricular function. Myocardial blood flow has been shown experimentally to be directly related to myocardial oxygen consumption.6' Braunwald65 and co-workers have developed an extensive body of experimental data that indicates that the three most important determinants of myocardial oxygen consumption are heart rate, contractility and peak systolic wall stress. In a previous study from this laboratory, resting left ventricular myocardial blood flow in normotensive subjects with normal ventricular function and in patients with abnormal ventricular function due to congestive and hypertrophic cardiomyopathy was significantly related to indexes of three major determinants of myocardial oxygen consumption -heart rate, MVcf and peak left ventricular wall stress. 27 Multivariate regression analysis of the data from the 17 hypertensive patients in the present study indicated that heart rate, MVcf and peak systolic wall stress were independently and significantly related to the mean left ventricular perfusion per unit mass. Eighty percent of the variation in the left ventricular myocardial blood flow rates measured in the hypertensive patients with and without left ventricular hypertrophy could be explained by these three variables. In addition, the regression equation developed for the hypertensive patients was not significantly different from the equation developed in three groups of patients with normal blood pressure, one of which had left ventricular hypertrophy.27 Collectively, these studies indicate that resting left ventricular myocardial blood flow in patients with normal coronary arteriograms is significantly related to hemodynamic indexes of the major determinants of myocardial oxygen consumption.
The data in figure 6 indicate that there was no significant difference between the myocardial blood flow rates for the hypertensive patients with and without left ventricular hypertrophy when the measured flow rates were adjusted for wall stress using the multivariate regression equation developed for these patients. This suggests that the lower resting blood flow in the patients with left ventricular hypertrophy in group 3 was due to the lower level of wall stress.
